1. A general premise and the aims of the present article
========================================================

Homeostasis is a fundamental concept in physiology; hence, it is a subject of the greatest interest for medicine ([@b1-ijmm-39-03-0487]--[@b3-ijmm-39-03-0487]). In the present review, some aspects of the concept and possible further developments that could have an impact also in the clinical practice are analysed.

Our proposal is based on the classical assumption of the interstitial fluid (ISF) as the internal medium for multicellular organisms. Against this background, a central aspect is discussed; namely the concept of the hierarchic role of the ISF of the various organs in triggering homeostatic responses, especially of those involving overriding controls. In particular, we propose that the brain ISF has the highest hierarchic role in human beings, providing the optimal environment for brain cell survival and complex functions, hence allowing the Central Nervous System (CNS) to carry out its complex whole-body integrative actions, i.e., to operate as the uppermost controller that allows a free and independent life of higher vertebrates. Against this background, the crucial role of the kidneys for internal medium homeostasis will be revised according to the proposal that Homer Smith put forward more than fifty years ago in an extraordinary book ([@b4-ijmm-39-03-0487]). As a matter of fact, Homer Smith pointed out, on the basis of evolutionary observations, that the functional interconnections between the brain and kidneys in the internal medium homeostasis are a basic requisite for a free and independent life of higher vertebrates. Hence, it can be surmised that CNS operates as the uppermost controller of the internal medium homeostasis not exclusively but especially thanks to its synergistic interactions with the kidney. The clinical evidence supports such a view as discussed below and reported in recent studies ([@b5-ijmm-39-03-0487],[@b6-ijmm-39-03-0487]). In particular, in this review, the brain/kidney synergistic roles in H~2~O/Na balance and brain temperature control is discussed. Actually, data are presented supporting the view that these two parameters are interrelated and have deep effects on the CNS higher integrative actions. Furthermore, the concept of allostasis, hence of a set-range of optimal values for internal medium parameters is assumed ([@b7-ijmm-39-03-0487]). This view is further developed by considering the possible functional meaning of the rhythmic oscillations of the chemico-physical parameters inside their set-range that, according to our proposal, should be considered as a basic component of the homeostatic control.

Thus, the present proposal suggests that ISF represents the real internal medium, since the maintenance of its homeostasis and in several instances the appropriate rhythms of some chemico-physical parameters within their appropriate set-range is the main factor for a free and independent life of higher vertebrates.

In particular, the main focus of the present review is the suggestion that H~2~O/Na balance and brain temperature play a crucial role in certain brain integrative actions. A special emphasis will be given to their rhythmic oscillations within their set-range that can have important modulatory actions on psychic homeostasis. As a matter of fact, psychic homeostasis (see section below entitled \'Body and psychic homeostasis\' for a definition) refers to complex behavioural and bodily responses optimizing, inter alia, the interactions of a human subject with his socio-cultural environment (i.e., the so-called supra-systems). It should be underlined that psychic homeostasis can sometimes override bodily homeostasis regulatory mechanisms, i.e., the controls aimed to optimize human being interactions with his external physical environment ([@b7-ijmm-39-03-0487],[@b8-ijmm-39-03-0487]).

Body and psychic homeostasis
----------------------------

The need to characterize the complexity of the human being has led to a distinction between two elements: the soma and psyche ([@b9-ijmm-39-03-0487]). Thus, it has been proposed that two highly complementary homeostatic control processes are in operation in human beings: i) the somatic physiological homeostasis, which via the integrative actions of the different apparatuses is capable of maintaining important chemico-physical parameters of the internal milieu within optimal set-ranges, allowing a free and independent life to the organism; and ii) the psychic homeostasis, which is aimed to an equilibrated mental condition via a proper resetting action of the different instances of the inner world and social environment that the subject has to harmonize. In agreement with such a view, Freud proposed the principle of \'psychic homeostasis\' as a basic concept supporting his meta-psychology in his famous book \'The Interpretation of Dreams\' ([@b10-ijmm-39-03-0487]).

To indicate the psychic homeostasis in its proper set-range (corresponding to a psychic state of subjective well-being) the term eudaimonia (also mentioned as eudaemonia), that consists of the words \'eu\' (\'good\') and \'daimōn\' (\'spirit\'), has been proposed. Thus, it could be described as a condition of dynamic balance between different appeals within the psychic sphere of the subject also in front of challenges of the social and physical environment.

These aspects were further expanded ([@b11-ijmm-39-03-0487]) into the concept of \'predictive psychic homeostasis\' that designates the capability to create (via the integrated actions of various brain-body mechanisms) a psycho-physical state of readiness that anticipates potential threats. Thus, predictive psychic homeostasis by avoiding possible future allostatic psycho-physical overloads is of a basic relevance for both eudaimonia and internal milieu homeostasis ([@b8-ijmm-39-03-0487],[@b11-ijmm-39-03-0487]). The survival value of predictive psychic homeostasis is emphasised by the evidence that it can sometimes override bodily homeostasis regulatory mechanisms ([@b7-ijmm-39-03-0487],[@b8-ijmm-39-03-0487]).

It should be noted that both body homeostasis and psychic homeostasis are often jointly conditioned by the pattern of endocrine signaling ([@b11-ijmm-39-03-0487],[@b12-ijmm-39-03-0487]). In particular, alterations of anterior pituitary hormones leading to somatic disturbances have been demonstrated in stress and mood disorders, including major depression ([@b13-ijmm-39-03-0487]). Thus, hypothalamic-pituitary-adrenocortical hormones have deep effects on both body homeostasis and psychic homeostasis and it is interesting to point out that both are modulated by circadian secretion rhythms ([@b14-ijmm-39-03-0487],[@b15-ijmm-39-03-0487]).

In other words, human CNS high integrative actions link together human basic physiology with the subject\'s supra-systems that play a basic role in psychic homeostasis. Thus, for the human being psychic homeostasis and bodily homeostasis are two inseparable aspects of his health. Such a view reminds aphorisms of ancient medicine and philosophy that have proposed the soul serenity (Eudaimonia, i.e., the good spirit; see also the Discussion) as the primary aim of subject\'s well-being. Obviously, Eudaimonia is deeply dependent on gratifying interactions between the individual human being and his socio-cultural environment ([@b16-ijmm-39-03-0487],[@b17-ijmm-39-03-0487]).

2. Historical aspects
=====================

The French physiologist Claude Bernard (1813--1878) introduced the concept of the internal environment of an organism ([@b18-ijmm-39-03-0487]), upon which Walter Cannon (1871--1945) proposed the concept of homeostasis. A crucial aspect is obviously the definition of internal medium and the characterization of its distinctive features in physiological terms ([@b19-ijmm-39-03-0487]).

Initially Bernard postulated that blood was the milieu interieur, or internal environment, exchanging substances and operating as an optimal environment for cells metabolism of higher animals. Thus, he proposed the concept of the fixity or constancy of the internal environment as essential to the vital processes by stating: \'The fixity of the milieu supposes a perfection of the organism such that the external variations are at each instant compensated for and equilibrated. The stability of the internal environment is the condition for the free and independent life\' ([@b20-ijmm-39-03-0487]).

Later on the interstitial fluid, as the environment with which the cells of a multicellular organism exchange, was proposed and the concept of \'homeostasis\' was introduced by Cannon. The new term was defined as follows ([@b21-ijmm-39-03-0487]): \'The constant conditions which are maintained in the body might be termed equilibria. That word, however, has come to have fairly exact meaning as applied to relatively simple physico-chemical states, in closed systems, where known forces are balanced. The coordinated physiological processes which maintain most of the steady states in the organism are so complex and so peculiar to living beings - involving, as they may, the brain and nerves, the heart, lungs, kidneys and spleen, all working cooperatively - that I have suggested a special designation for these states, homeostasis. The word does not imply something set and immobile, a stagnation. It means a condition - a condition which may vary, but which is relatively constant. Homeostasis, at least in the narrow sense, is about preserving the status quo, regulation to achieve viability through resistance to change.\' Furthermore, Cannon adapted the idea of homeostasis to the organism as a whole, hence referring to both physiological and psychological aspects of control mechanisms. As mentioned above, this broadening of the homeostasis concept to the psychic aspects is of peculiar relevance for the human being and it will be considered in the present review.

Let us discuss with some detail the concept of allostasis that was introduced in 1988 by Sterling ([@b7-ijmm-39-03-0487]), as a further development of some aspects of the concept of homeostasis ([@b22-ijmm-39-03-0487]). In fact, allostasis points out that the living systems are endowed with the adaptability property, hence the control mechanisms operate for a continuous adjusting to change, not simply by restoring, but rather by altering equilibrium settings in order to face in an optimal fashion the new environmental inputs. Thus, not a set-point for the controlled parameter but rather a set-range is maintained ([Fig. 1](#f1-ijmm-39-03-0487){ref-type="fig"}). In other words, allostasis describes the processes through which organisms actively maintain a dynamic steady state of conditions for basic parameters necessary not simply for their survival but rather for optimal interactions with the environment.

It should be underlined that allostatic mechanisms can also adapt the organisms to probable future loads (Bayesian approach) and this is obviously especially true for organisms that are endowed with a complex CNS. Thus, the concept of allostasis was introduced to underline both physiological and psychological change and adaptation to diverse present and surmised future circumstances. Obviously, the behavioural and physiological anticipatory responses to probable future events emphasize the crucial role of a complex CNS, particularly for responses allowing the so-called predictive allostasis ([@b1-ijmm-39-03-0487],[@b7-ijmm-39-03-0487]--[@b8-ijmm-39-03-0487],[@b16-ijmm-39-03-0487],[@b23-ijmm-39-03-0487]--[@b26-ijmm-39-03-0487]).

We should also mention another far-sighted proposal of Cannon, since he underlined that the internal environment with which the cells exchange is not simply a watery environment but rather a \'fluid matrix\' whose chemical and also physical characteristics, such as temperature and pressure, are of a basic importance.

It should be noted that the fluid matrix \[hence the aqueous extracellular matrix (ECM)\] forming the internal medium is the product of the organism itself and it can play a basic role in the intercellular communication processes ([@b27-ijmm-39-03-0487]--[@b30-ijmm-39-03-0487]). The evidence that the internal medium and in particular the ECM is produced by the organism according to its functional needs implies a broader view of homeostasis, since the self-construction of the internal medium is in some way related to concepts introduced in the 1970s by Varela *et al* ([@b31-ijmm-39-03-0487]) and discussed by others by stating ([@b31-ijmm-39-03-0487]--[@b33-ijmm-39-03-0487]): \'A living system is a system capable of self-reproduction and self-maintenance through a regenerative network of processes which take place within a boundary of its own making and regenerates itself through cognitive or adaptive interactions with the medium\' ([@b33-ijmm-39-03-0487]).

Thus, a living system can be characterized by two notions ([@b33-ijmm-39-03-0487]--[@b35-ijmm-39-03-0487]): i) the first one is \'autopoiesis\', a term indicating the ability of the system to transform external matter/energy into an internal process of self-maintenance and production of its own components. Autopoiesis, therefore, is concerned with internal structure and describes a system organized as a network of interactions capable of cyclically reproducing the components to allow the system\'s self-perpetuation; and ii) the second one can be called \'cognition\' to indicate that the interaction with the environment is implemented on the basis of the internal logic of the living system. The environment, in other words, does not prescribe or determine changes to the organism, it is the structure of the living system and its previous history of perturbations that determine what reactions a new perturbation will induce. Cognition, therefore, concerns the relationship of the system with the environment. It describes a system able to sense the external world in order to produce a response to perturbations either by self-correction of its disturbed organization (homeostasis), or by reorganizing itself into a different self-perpetuating network of interactions (adaptability). There are, of course, various levels of cognition (corresponding to different levels of life\'s complexity) from very simple mechanisms of cell sentience ([@b36-ijmm-39-03-0487]) up-to complex functions performed by nervous systems.

This view captures the essence of cellular life by recognizing that life is a cyclic process that produces the components that in turn self-organize in the process itself, and all within a boundary of its own making. Such a self-constructed machine continuously operates to maintain critical chemico-physical parameters within a suitable set-range in spite of perturbing influences.

As pointed out by Wiener in his classical book ([@b37-ijmm-39-03-0487]), the mechanisms allowing the processes of maintenance of the values of critical parameters within suitable set-ranges that allow survival of the living beings notwithstanding the external environment changes can be described according to cybernetic models.

Mechanisms allowing homeostasis: contributions from cybernetics
---------------------------------------------------------------

During the middle of the past century, Norbert Wiener (1894--1964) pointed out that the concept of homeostasis was common to animals and to automatic systems ([@b37-ijmm-39-03-0487]). Thus, he defined cybernetics as the entire field of the theory of communication and control in the living beings and in the automatic systems. During the 1940\'s and 1950\'s, cybernetics had a crucial influence on the birth of various modern sciences: control theory, computer science, information theory, automata theory, artificial intelligence and artificial neural networks, cognitive science, computer modelling and simulation science, dynamical systems, and artificial life. However, after these disciplines had become fully independent, cyberneticists felt the need to further develop their field to distinguish an approach emphasizing autonomy, self-organization, cognition from more mechanistic control strategies followed in control engineering and computer science. In the early 1970\'s, this effort became known as \'second-order cybernetics\' ([@b38-ijmm-39-03-0487]) and provided a thoughtful revision of concepts of particular relevance for biology and physiology.

In particular, the negative feedback (FB^−^) is a type of control central to both homeostasis and cybernetics, since it can explain how a living being or an automatic system can operate for maintaining its steady state in spite of disrupting influences from the external environment ([Fig. 1](#f1-ijmm-39-03-0487){ref-type="fig"}). The FB^−^ control can be described as follows: let us suppose that a stress from the external environment acts upon a system of an organism and such a system is under a FB^−^ control. A sensor detects the stress signal and converts it into signals that are meaningful for the internal control mechanisms of the organism. A controller compares the signals to the desired set-points, and issues error signals if there are discrepancies. Thus, each error signal refers to the difference between the optimal value of a variable (set-point) and the value returned by the homeostatic mechanism(s) during the persisting perturbation. The error is interpreted by an activator, which triggers the appropriate response of effectors to restore the value of the variable close to its set-point or, according a more realistic view, within a suitable set-range ([Fig. 1](#f1-ijmm-39-03-0487){ref-type="fig"}).

As pointed out above, in a living being, several regulatory mechanisms are continuously activated to produce the homeostatic responses; hence, in analyzing the allostatic controls the following aspects should at least be considered: i) redundancy and inter-dependence, since several negative feedbacks are directly or indirectly involved in the control of the same functional parameter or of functional parameters strictly interdependent (e.g., blood volume and arterial blood pressure); ii) push-pull controls (e.g., glucagon/insulin) allowing a precise control of the parameter; and iii) Russian Doll organization of controls of increasing miniaturization ([@b39-ijmm-39-03-0487]--[@b41-ijmm-39-03-0487]). Thus, it is possible to recognize FB^−^ control at the systems (set of apparatuses) level, at the level of organs, at the level of tissues, at the level of the cells, at the level of the molecular networks.

The crucial role for overriding controls is played by the CNS via its interactions with the peripheral apparatuses especially for parameters, such as arterial blood pressure, involved in facing challenging conditions (e.g., in fight or flight conditions) ([@b42-ijmm-39-03-0487]--[@b48-ijmm-39-03-0487]).

Taken together, it can be stated that homeostasis implies the regulated activation of several dynamic and potentially predictive multilevel processes organized according to a Russian Doll pattern ([@b32-ijmm-39-03-0487],[@b42-ijmm-39-03-0487],[@b43-ijmm-39-03-0487],[@b49-ijmm-39-03-0487],[@b50-ijmm-39-03-0487]). Furthermore, as proposed by \'brain-body medicine\', the CNS plays a crucial role in homeostasis by interacting with practically all the peripheral organs ([@b42-ijmm-39-03-0487],[@b51-ijmm-39-03-0487]--[@b53-ijmm-39-03-0487]).

In this context, the brain/kidney interactions for the H~2~O/Na and brain temperature control that are interrelated parameters of basic importance for CNS integrative actions, will be discussed. As discussed below, such an assumption can also be surmised by deductions based on the evolutionary background.

3. The fluid compartments of the brain
======================================

As stated in the general premise, it is proposed that the brain ISF plays the highest hierarchic role among the ISF of the different organs of the human body in triggering homeostatic responses of fundamental importance. Such a strong assumption does not deny the relevance of the holistic view of the human body as proposed by \'brain-body medicine\' ([@b42-ijmm-39-03-0487]), but it is aimed at suggesting a frame to organize the data indicating that the ISF dyshomeostasis reduces to a great extent the CNS integrative actions that allow a free and independent life. As mentioned above, to support our assumption, we focus our analysis on two parameters, namely the H~2~O/Na and brain temperature control and the CNS/kidney synergistic interactions.

As an introduction to this subject, a preliminary analysis is proposed on the complex fluid and cellular movements among the various brain fluid compartments, since they are involved not only in the metabolic support to neurons and glial cells and in the clearance of waste molecules from the brain, but also in the brain interactions with the systemic apparatuses. In an interesting study, Brinker *et al* published a very useful diagram showing the complex fluid and cellular exchanges between the brain fluid compartments ([@b54-ijmm-39-03-0487]) and we will refer to it for our proposal.

Actually, according to our view, it is possible to organize the brain fluid compartments distinguishing a \'major cerebrospinal fluid (CSF) circulation\' (black arrows in [Fig. 2](#f2-ijmm-39-03-0487){ref-type="fig"}) from an \'inter-compartments fluid circulation\' (blue arrows in [Fig. 2](#f2-ijmm-39-03-0487){ref-type="fig"}) from a \'CSF intra-ventricular local circulation\' characterized by gentle ebbs (broken arrows in [Fig. 2](#f2-ijmm-39-03-0487){ref-type="fig"}). The schematic representation suggests a special hub status for ISF in view of its multiple connections with the other fluid compartments. Furthermore, a privileged status for ISF is pointed out by the limiting barriers that regulate its cellular and fluid exchanges with the other compartments. Actually, ISF is protected by a highly selective barrier from the cerebral blood circulation and by a permeable barrier formed by gap junctions in the pia and ependymal layer and by the brain tissue microarchitecture (e.g., tortuosity and viscosity of the brain ECM) from CSF. Furthermore, it should also be pointed out that ISF and Virchow-Robin space (VRS) are separated only by the glial barrier through which also cells can move to ISF.

As indicated in [Fig. 2](#f2-ijmm-39-03-0487){ref-type="fig"}, CSF operates as an interface between the major and minor circles. In addition, CSF exchanges signals with ISF not only directly but also indirectly via its reciprocal interactions with the VRS. Thus, CSF secretion, composition and circulation have a central importance for ISF homeostasis. Let us analyze some aspects of CSF secretion, composition and circulation.

As far as the secretion of CSF is concerned, the choroid plexus (CP) has been proposed as the main locus for the secretion and clearance of CSF. Thus, at CP the blood-CSF barrier secretes and purifies CSF, generates intracranial pressure and maintains the CSF composition. Therefore, the CP secretory epithelium plays a basic role for brain homeostasis and integrative actions via multiple transport and secretory functions that support CSF homeostasis and its fluid dynamics ([@b55-ijmm-39-03-0487]).

As far as CSF composition is concerned, it is important to compare at least some of its main chemico-physical parameters with those of plasma and extracellular fluid (ECF). Two highly selective barriers separate CSF and ISF from the blood, while they are separated from each other by easily permeable boundaries. Thus, if ISF has the highest hierarchic order among the brain ISF, CSF should be also considered in view of its continuous renewal and circulation as a crucial fluid compartment for brain integrative functions and as a good mirror of brain ISF. On the other hand, plasma is the weighted mean of the different ISF of the various organs. Each of these will contribute to plasma composition according to its volume, composition and access to plasma. Thus, brain ISF also in view of the blood-brain barrier (BBB) will not greatly contribute to plasma composition notwithstanding its high hierarchic order.

These aspects are illustrated in [Fig. 2](#f2-ijmm-39-03-0487){ref-type="fig"} and in [Table I](#tI-ijmm-39-03-0487){ref-type="table"} where some of the main chemico-physical parameters of plasma, ECF and CSF are presented.

As far as CSF circulation i.e., the \'third circulation\' according to Cushing ([@b56-ijmm-39-03-0487]) is concerned, it has been shown that adult CP secretes CSF that flows through the ventricles into the subarachnoid space, then over the top of the brain, with some CSF flowing down to the lumbar sac. The exit of CSF is mainly to the blood at the arachnoid granulations but also to the lymph system through the nasal cribriform plate or via the spinal nerve roots ([@b55-ijmm-39-03-0487]).

However, CSF flow is not unidirectional since it has been shown that not only is a pulsatile flow but also characterized by up and down movements throughout the entire brain with local fluid exchanges with ISF, circumventricular organs (CVOs) and VRS.

Furthermore, it should be underlined that the CSF has not only gentle and bidirectional ebbs and flows that create mixing ([@b55-ijmm-39-03-0487]), but it has also been shown that the single layer of ciliated ependymocytes in contact with the CSF beat in a periodic manner, generating localized microscale (beating of cilia) effects on near-wall CSF dynamics ([Fig. 2](#f2-ijmm-39-03-0487){ref-type="fig"}). This action may contribute in clearing debris from the ventricle walls, and may enhance mixing, which may be particularly relevant for neuroendocrine communication ([@b57-ijmm-39-03-0487]) or even for signal detection ([@b36-ijmm-39-03-0487]). Thus, while some short-distance volume transmission (VT)-signalling can rely upon this action of the ependymal cilia close to the walls of lateral ventricles, long-distance VT-signalling could be mainly driven by wall motion and CP pulsation, hence by CSF dynamics in the centre regions of the ventricles, according to the tide hypothesis ([@b58-ijmm-39-03-0487]). Thus, it has been suggested to distinguish a major CSF circulation that is the classical one from the CP to the arachnoid granulations, from a local CSF micro-circulation that is mainly confined close to the ciliated walls of ventricles. While the former plays a role as nourishing liquor and long-distance pathway for VT signal migration, the latter one is mainly involved in short distance migration of VT signals and CSF flow-mediated neuronal guidance ([@b57-ijmm-39-03-0487],[@b59-ijmm-39-03-0487],[@b60-ijmm-39-03-0487]).

Furthermore, the CSF circulation around blood vessels penetrates from the subarachnoid space into the VRS allowing cell exchange between blood and brain. As proposed by Bechter *et al* ([@b60-ijmm-39-03-0487]--[@b62-ijmm-39-03-0487]), CSF is also a diffusion pathway for pathogenic agents causing neuropsychiatric diseases ([@b63-ijmm-39-03-0487]). Actually, it has been shown that blood-borne inflammatory cells enter the brain via VRS or via CP and clinical evidence supports the relevance of an immunological crosstalk between periphery and intrathecal immunity in neurological and psychiatric diseases ([@b54-ijmm-39-03-0487],[@b64-ijmm-39-03-0487]).

The fluid movements at the barriers are driven by osmotic and hydrostatic gradients or by active transporter processes. Aquaporins and other transporters play a fundamental role in the control of fluid exchange at the glial, endothelial, and CP barrier. In particular, the water influx into the VRS and, hence, interstitial flow is regulated by aquaporin-4 localized in the end feet of astrocytes ([@b65-ijmm-39-03-0487]). It is interesting to note that the fluid movements into and out of the VRS depend on respiratory and cardiac pressure pulsations and can be an important component of the tide hypothesis for VT signal diffusion in the brain ([@b58-ijmm-39-03-0487]).

A special role of tanycytes for brain-body interactions has also been proposed, since tanycyte-like cells are a characteristic feature of all CVOs and they display well-organized tight junctions around their cell bodies that can represent a BBB displaced from the vascular to the ventricular side ([@b66-ijmm-39-03-0487]). Thus, tanycytes may play an important role in regulating the exchange between blood, CSF and ISF, and hence in regulating the brain-body interactions, particularly in some organs that are deeply involved in the control of internal medium as the kidney.

The assumption of peculiar brain/kidney interactions finds an indirect support from comparative physiology and evolutionary studies.

4. Evolutionary aspects of brain/kidney interactions
====================================================

In the famous and fascinating book cited above, Homer Smith ([@b4-ijmm-39-03-0487]) proposed that the following processes do indicate a parallel evolution of the nervous system and kidneys ([Fig. 3](#f3-ijmm-39-03-0487){ref-type="fig"}): i) the increased complexity of the renal apparatus has allowed a progressively more precise control of the volume and composition of the internal medium; ii) the precise control of the volume and composition of the internal medium has allowed the establishment of a progressively more complex nervous system; and iii) the organism endowed with a complex CNS has become capable of multidimensional allostatic controls, i.e., of complex dynamic predictive homeostasis, particularly for chemico-physical parameters that are highly relevant for CNS integrative actions.

Accordingly, some aspects will be discussed as to how a complex CNS operates to allow interconnections between the brain and kidneys for the homeostatic controls of sodium concentrations and brain temperature.

As far as plasma sodium concentrations are concerned it should be noted that this parameter not only has a restrict set range (135 mEq/l \< \[Na^+^\] \< 147 mEq/l), but also that hyponatremia causes important CNS symptoms (e.g., amnesias, headaches, epilepsy) ([@b5-ijmm-39-03-0487]).

As far as cerebral temperature is concerned, it should be noted that brain deep structures are at 1--2°C above the body core temperature. Thus, blood in the cerebral circle is at a a lower temperature than the deep brain structures hence cerebral blood flow besides providing nutrients to the brain and allowing the clearance of its metabolic waste products has also the function of absorbing heat especially from the active brain regions ([@b67-ijmm-39-03-0487]--[@b70-ijmm-39-03-0487]).

The osmotic regulation of water homeostasis and body core temperature are functionally related, since the maintenance of body water homeostasis is critical for preventing hyperthermia, as evaporative cooling is the most efficient means of dissipating excess body heat.

As far as water homeostasis is concerned, its control is mainly achieved by the regulation of water intake and water loss by the kidneys. The former is achieved by sensations of thirst that motivate water intake, whereas the latter is regulated by the antidiuretic action of vasopressin. Vasopressin (also known as antidiuretic hormone (ADH) ([@b5-ijmm-39-03-0487]) secretion and thirst are stimulated by increases in the osmolality of the ECF, as well as by decreases in blood pressure and/or blood volume, signals that are precipitated by water depletion associated with the excess evaporative water loss required to prevent hyperthermia. Thus, it can be deduced that thermoregulation and osmotic regulation of water homeostasis are functionally interdependent.

Let us briefly mention two important recent contributions on the mechanisms involved in this integrated homeostatic control ([@b71-ijmm-39-03-0487],[@b72-ijmm-39-03-0487]).

It has been demonstrated that thermo-sensitive neurons in the preoptic--anterior hypothalamus are modulated by ADH. Actually, ADH enhances thermo-sensitivity of warm-sensitive neurons and decreases thermo-sensitivity of cold-sensitive neurons. Such ADH modulatory actions promote heat loss and are probably involved in the ADH-induced hypothermia ([@b71-ijmm-39-03-0487]).

The basic role of ADH for both osmotic regulation of water homeostasis and cerebral homoeothermic control are schematically summarized in [Fig. 4](#f4-ijmm-39-03-0487){ref-type="fig"}.

Another mechanism involved in the integration of thermal and the osmotic regulation of water homeostasis has also been described, that is based on the transient receptor potential-vanilloid (TRPV) family of ion channels that respond both to osmotic signals and also are stimulated by increases in body temperature ([@b72-ijmm-39-03-0487]).

As described in the recent study by Noda *et al* ([@b6-ijmm-39-03-0487]), at least two independent sensing systems in the CVOs are involved in monitoring osmolality and body-fluid volume, namely Na(x) channels and TRP channels. In particular, Na(x) channels have been demonstrated to play a role as \[Na^+^\] sensors and TRP channels as osmosensors, but these channels are also temperature-sensitive. Let us briefly describe these two molecular mechanisms involved in the control of Na/H~2~O and cerebral temperature: i) Na(x) channels are located in perineuronal processes and in the ependymal cells of the subfornical organ and organum vasculosum lamina terminalis (OVLT) and are activated by hypernatremia. Their activation causes a reduction in Na assumption; and ii) TRPV channels, such as the TRPV1 and TRPV4 are expressed at the level of the supraoptic nucleus and at the level of the OVLT. These channels are activated by hyper-osmolality but also by increases in the cerebral temperature. Their activation causes Na/H~2~O reabsorption.

In other words, there are brain regions (particularly CVOs) and central molecular mechanisms (e.g., TRPV) allowing brain-kidney interactions in the control of ECF osmolality and cerebral temperature ([@b72-ijmm-39-03-0487]).

Thus, apart from the mechanism that is dependent on ADH modulatory actions on hypothalamic thermo-receptors and via such an action integrate thermal and osmotic regulation, the mechanism that is dependent on TPRV channels whose activation is directly modulated by fluid osmolality and cerebral temperature should also be considered.

The triggering of these mechanisms also depends on multiple neural and humoral signals from the periphery. The latter ones can reach the brain via the cerebral circulation and from the blood can reach the brain integrative centres, particulatly those located in the CVOs, since they are outside the BBB ([@b54-ijmm-39-03-0487]--[@b66-ijmm-39-03-0487]).

5. Heuristic hypothesis
=======================

In the frame of the basic problem already faced by Claude Bernard, that is of the definition of internal medium and the characterization of its distinctive features in physiological terms, we propose that there is a hierarchic order among the ISF and we maintain that brain ISF is the real \'internal medium\' of higher vertebrates since it is the most important ISF for triggering the complex responses allowing a free and independent life and this is particularly true for human beings. As mentioned above, this assumption does not deny the holistic view of the human organism but it gives a further aspect to the \'brain-body medicine\' that has recently been investigated also for a surprising new aspect, namely the synergistic role between brain and gut microbiota ([@b73-ijmm-39-03-0487]). Thus, while the general relevance of the brain/body interactions are a main subject of investigations the main highly focused subject of our paper is how brain circuits and kidney functions can modulate brain ISF composition.

Thus, according to our proposal, brain ISF represents the \'core fluid compartment\' that provides an optimal environment for development, survival and, together with CSF, it allows VT intercellular communications among the brain complex cellular networks ([@b58-ijmm-39-03-0487],[@b74-ijmm-39-03-0487]). Thus, brain ISF is likely a crucial functional component of the multifaceted integrative CNS actions that are involved in most of the dynamic predictive homeostatic mechanisms and overriding controls. The crucial role of brain ISF is also indicated by the evidence that does exchange signals with the other brain fluid compartments but only in a highly regulated way ([Fig. 2](#f2-ijmm-39-03-0487){ref-type="fig"}). Our view is that brain ISF has the highest hierarchic role in triggering dynamic homeostatic responses involved in the balance of volume and sodium concentrations of the ECF as well as the cerebral temperature control. As discussed above, it is suggested that these two functionally interrelated parameters play a crucial role for the high level integrative actions of CNS as those involved in the control of the psychic state. In agreement with such a view many clinical studies demonstrate correlations between the water/sodium balance, homoeothermic balance and psychic conditions of the subject. Actually, it has been reported that: i) psychic stresses increase the plasma and CSF levels not only of cortisol but also of ADH ([@b75-ijmm-39-03-0487]); ii) ADH plasma levels are increased in depressed patients ([@b76-ijmm-39-03-0487]); iii) epidemiological studies have demonstrated a correlation between depression and habitats with a high salinity ([@b77-ijmm-39-03-0487]); iv) schizophrenic patients have alterations in the control of body temperature ([@b78-ijmm-39-03-0487]); and v) RPV1 channels beside responding to the osmotic signals are also activated by cerebral temperature ([@b6-ijmm-39-03-0487],[@b72-ijmm-39-03-0487]) and at the level of the cerebral cortex are altered in depression ([@b79-ijmm-39-03-0487]).

It has been introduced the term of psycho-physic allostasis to indicate the responses aimed not only to the maintenance of the internal medium homeostasis but also to the broader condition of well-being of the subject hence to his Eudaimonia (16,17, see Section \'Body and psychic homeostasis\'). This condition of well-being especially depends on the interactions between the systems of the organism and the supra-systems. Thus, Eudaimonia does depend from the interactions between the human being and external physical environment but even more from the interactions of the subject with his socio-cultural environment.

6. Discussion
=============

According to our proposal, the brain ISF and its \'mirror fluid\' the CSF have the highest hierarchic role since they allow optimal conditions for CNS integrative actions. In particular, body-fluid and core temperature controls are two chemico-physical parameters that are essential for a free and independent life of human beings that is possible only if their CNS operates in optimal conditions.

Furthermore, we have proposed that in several instances an appropriate oscillatory rhythm (often but not exclusively a circadian rhythm) of a chemico-physical parameter within its appropriate set-range is an essential component of allostasis.

Thus, in several instances the load error is the result of the discrepancy between the internal medium value and not simply the set-range values but the appropriate oscillatory rhythm that the chemico-physical parameter under scrutiny should have.

A consequence of such an assumption is that dyshomeostasis can be actually present even if the chemico-physical parameter under scrutiny is within its appropriate set-range but with inappropriate rhythmic oscillations. Thus, a careful analysis of chemico-physical parameters dynamic patterns should be considered and not only at plasmatic level but also at CSF level. As a matter of fact, it is interesting observing that the concentration rhythms of sodium are differentially regulated ([Fig. 5](#f5-ijmm-39-03-0487){ref-type="fig"}) in the CSF ([@b80-ijmm-39-03-0487]) in comparisons with the sodium concentrations rhythms in the systemic circulation ([@b81-ijmm-39-03-0487]). This aspect has clinical implications not only since it has been shown that a correlation exists between the rising levels of CSF sodium levels and the timing of migraine onset ([@b80-ijmm-39-03-0487]) but also since as recently stated water and sodium homeostasis is inextricably coupled to the CNS integrative actions ([@b82-ijmm-39-03-0487]). In this regard, neuroscience describes an inverse relationship between the intensity of the neuropil function and the amount of water it contains with different shrinkage the ECM according to the neuronal activity ([@b30-ijmm-39-03-0487],[@b82-ijmm-39-03-0487],[@b83-ijmm-39-03-0487]).

As discussed above, these variations in the ECM perviousness have profound effects on VT signals diffusion ([@b29-ijmm-39-03-0487],[@b30-ijmm-39-03-0487],[@b74-ijmm-39-03-0487]) hence also regulate the exchange of signals ISF/blood, ISF/CSF, ISF/VRS. Thus, exchanges between blood-born and brain-born VT signals depend also at some extent on the ECM hydration and composition ([@b30-ijmm-39-03-0487],[@b82-ijmm-39-03-0487],[@b83-ijmm-39-03-0487]). This could be one important feature characterizing brain-kidney interactions since as mentioned above integrative centres for the feedback mechanisms involved in Na/water and cerebral temperature homeostasis are localized at CVOs level that is outside the BBB but separated by barriers from ISF.

Against this background and on the bases of recently published data ([@b6-ijmm-39-03-0487],[@b72-ijmm-39-03-0487]) it has been proposed that (Na^+^), osmolality and cerebral temperature are continuously monitored in the brain in particular at CVOs level and are strictly regulated thanks to brain-kidney interactions to maintain the optimal set-range for brain ISF that, in turn, is a necessary prerequisite for the brain integrative actions. Furthermore, on the basis of the clinical data above mentioned it has been proposed that (Na^+^), osmolality and cerebral temperature are interconnected parameters playing a fundamental role in the psychic allostasis. Thus, it is surmised that clinical evaluations of these parameters are of paramount importance for the psychic homeostasis of the subject and could be modulated by optimizing his interactions with the socio-cultural environment in which he lives as well as by psycho-therapy.

In other words, it could be proposed the potential relevance of monitoring internal medium (Na^+^) and cerebral temperature during psycho-therapy treatments like the ones administrated to patients suffering of post-traumatic stress disorders ([@b16-ijmm-39-03-0487],[@b84-ijmm-39-03-0487]--[@b86-ijmm-39-03-0487]). Thus, it could be relevant to evaluate the physical (internal medium parameters) and psychological (Eudaimonia) therapeutic effects produced by addressing the patient\'s inner speech in such a way of favoring his predictive psychic allostasis to peaceful scenarios. This could lead to a better dealing with the stressing actions of supra-systems and the traumatic memory traces that he has to face ([@b23-ijmm-39-03-0487],[@b85-ijmm-39-03-0487],[@b86-ijmm-39-03-0487]).

Professor Agnati is grateful to Professor La Manna for his invitation as a speaker at the Congress of the Accademia Nazionale di Medicina in Bologna (8 October, 2015) where part of this review was presented. This review is dedicated to Carlo Franzini (1942--2015), Professor of the Human Physiology University of Bologna for his important contributions on sleep and blood circulation. He also wrote poems rich of a thoughtful view of human life (see, Carlo Franzini Il Codice di Smirne Book Editore 2002).

![Schematic representation of the concepts of homeostasis and allostasis. The panel on the right clarifies the important developments that the allostasis concept has introduced moving from the concept of homeostasis. For further details, see text. FB^−^, negative feedback. Σ indicates any set of processes integrating and processing the incoming input to provide the output.](IJMM-39-03-0487-g00){#f1-ijmm-39-03-0487}

![Schematic representation of the main fluid compartments of the brain. It should be noted that both CSF and ISF are separated by the cerebral circulation (blood) by selective barriers while can communicate in a rather easy way with each other. Furthermore, the scheme indicates that within the cranial theca at least three different modes of fluid movements can be recognized: exchange of fluids and in some instances also of cells between compartments; major CSF circulation that is CP secretes CSF that flows through the ventricles into the subarachnoid space to arachnoid granulations to have the main exit mainly to the blood; intra-ventricular local circulation of CSF that is characterized by bidirectional ebbs and flows that create local mixing especially close to the ventricular walls. AV, arachnoid villi; CP, choroid plexus; CSF, cerebrospinal fluid; CVOs, circumventricular organs; ECF, extracellular fluid; ECM, extracellular matrix; ISF, brain interstitial fluid; TRP, transient receptor potential; VRS, Virchow-Robin space; VT, volume transmission.](IJMM-39-03-0487-g01){#f2-ijmm-39-03-0487}

![The present figure is inspired by a schematic illustration that Homer Smith (1953) devised to clarify the evolutionary and functional links between complexity of the nervous system and complexity of the kidneys ([@b83-ijmm-39-03-0487]). As indicated in the figure, in the present review, it is noted that the homeostasis of body temperature is to a certain extent associated with the parallel evolution of the brain and kidneys. In fact, in our opinion, a precise control of the volume and composition of the internal medium has allowed the establishment of a complex nervous system capable of complex dynamic predictive homeostasis especially for chemico-physical parameters that are highly relevant for central nervous system integrative actions such as the sodium concentrations and brain temperature.](IJMM-39-03-0487-g02){#f3-ijmm-39-03-0487}

![Schematic representation of the mechanisms involved in the synergistic interactions of brain and kidney in the control of brain temperature and of the volume and composition of the internal medium. For further details, see text. ADH, vasopressin.](IJMM-39-03-0487-g03){#f4-ijmm-39-03-0487}

![The daily mean rhythm of CSF and serum (Na^+^), plotted as a shift from the mean. CSF data were obtained by Harrington *et al* ([@b80-ijmm-39-03-0487]) from 6 subjects, data in serum by Trotti *et al* ([@b81-ijmm-39-03-0487]) refer to 24 healthy patients. In both studies a statistically significant sodium circadian rhythm was reported. However, while plasma levels of (Na^+^) exhibited a quite low range of variation during the day ([@b74-ijmm-39-03-0487]), the magnitude of change of (Na^+^) in CSF was greater (mean shift of about 7 mM) and sufficient to have physiological effect on neuronal excitability ([@b73-ijmm-39-03-0487]). CSF, cerebrospinal fluid.](IJMM-39-03-0487-g04){#f5-ijmm-39-03-0487}

###### 

Chemico-physical parameters characterizing ECF, plasma and CSF ([@b87-ijmm-39-03-0487]--[@b89-ijmm-39-03-0487]).

  Parameter                        ECF            Plasma            CSF
  -------------------------------- -------------- ----------------- ----------------
  Na^+^ (mEq/l)                    136--145       150               147
  K^+^ (mEq/l)                     3.5--5         4.6               **2.9 (0.62)**
  Ca^2+^ (mEq/l)                   3.4            4.7               **2.3 (0.49)**
  Mg^2+^ (mEq/l)                   1.50--2.5      1.6               **2.2 (1.39)**
  Cl^−^ (mEq/l)                    **110--118**   105.0             **120 (1.14)**
  HCO~3~^−^ (mEq/l)                22--28         24.8              25.1
  pH                               7.35--7.45     7.38--7.42 A-WB   7.4
  P~O2~ (mmHg)                     **35**         75--100 A-WB      **42**
  P~CO2~ (mmHg)                    39.5           35--45 A-WB       **50.2**
  Glucose (mg/ml)                  70--110        70--110           **64**
  Osmolality (mOsm kg^−1^ H~2~O)   280--296       280--296          289
  Temperature (°C)                 36.6--37.3     37.0              **37.7**

A-WB: Arterial whole blood; ECF (extracellular fluid) and CSF (cerebrospinal fluid) values different from plasma are indicated in bold font.
